Although nitric oxide (NO) is an important signaling molecule in bacteria and higher organisms, excessive intracellular NO is highly reactive and dangerous. Therefore, living cells need strict regulation systems for cellular NO homeostasis. Recently, we discovered that Streptomyces coelicolor A3(2) retains the nitrogen oxide cycle (NO 3 − →NO 2 − →NO→NO 3 − ) and nitrite removal system. The nitrogen oxide cycle regulates cellular NO levels, thereby controlling secondary metabolism initiation (red-pigmented antibiotic, RED production) and morphological differentiation. Nitrite induces gene expression in neighboring cells, suggesting another role for this cycle as a producer of transmittable intercellular communication molecules. Here, we demonstrated that ammonium-producing nitrite reductase (NirBD) is involved in regulating NO homeostasis in S. coelicolor A3(2). NirBD was constitutively produced in culture independently of GlnR, a known transcriptional factor. NirBD cleared the accumulated nitrite from the medium. Nir deletion mutants showed increased NO-dependent gene expression at later culture stages, whereas the wild-type M145 showed decreased expression, suggesting that high NO concentration was maintained in the mutant. Moreover, the nir deletion mutant produced more RED than that produced by the wild-type M145. These results suggest that NO 2 − removal by NirBD is important to regulate NO homeostasis and to complete NO signaling in S. coelicolor.
INTRODUCTION
Nitric oxide (NO) is an important signaling molecule for the regulation of various metabolic processes in most organisms. However, excessive NO is dangerous to living cells due to its high reactivity, which causes oxidation of cellular compounds such as nucleic acids, lipids, cellular transition metals and proteins, thus interfering with their functions (Hausladen and Stamler 1999) . Therefore, cellular NO levels must be strictly controlled to prevent such damage. To date, endogenous NO production without any exogenous nitrogen oxide species is known to be achieved only by transiently controlled NO synthase (NOS) production, which converts L-arginine to NO (Förstermann and Sessa 2012) .
Gram-positive, filamentous actinomycete bacteria belonging to the genus Streptomyces are found worldwide in soil and are extremely important to human beings as they produce many commercially important secondary metabolites such as antibiotics (Kanamori et al. 1957) , anti-cancer (Blum, Carter and Agre 1973) , immunosuppressive (Kino et al. 1987 ) and antiparasite agents (Burg et al. 1979) . Previously, we reported NOS-independent NO formation from organic nitrogen in the actinobacterium Streptomyces coelicolor, wherein organic nitrogen was converted to nitrogen oxide species consisting of nitrate (NO 3 − ), nitrite (NO 2 − ) and NO, thus forming a cycle (NO 3 − →NO 2 − →NO→NO 3 − ), with NO 2 − excreted into the culture medium (Sasaki et al. 2016) . The physiological role of the endogenously generated NO was as a signaling molecule for antibiotic production and morphological differentiation. Nitric oxide was regulated by its concentration via the NO-dependent transcriptional systems, transcriptional factor NsrR and the DevS-DevR two-component system. NsrR and the DevS-DevR system regulate the expression of NO dioxygenase (flavohemoglobin, Fhb) encoding (hmpA) and nitrate reductase encoding gene (narG 2 H 2 J 2 I 2 ), respectively, thus constituting an autoregulation mechanism for intracellular NO levels. We further proposed that NO 2 − excreted from cells acts as a cell-to-cell communication agent, like the autoinducer in quorum sensing (Hong et al. 2012) , since increasing concentrations of extracellular NO 2 − directly affect intracellular NO levels and the signaling system can be shared between all cells for starting new metabolism synchronously. The concentration of NO 2 − accumulated in culture reached up to 30 μM and then decreased gradually after initiation of secondary metabolism, suggesting the presence of an NO 2 − removal system in S. coelicolor, for controlling cellular NO homeostasis and closing NO signaling. In this paper, we describe experiments that demonstrate that the ammonium-forming nitrite reductase (NirBD, encoded by nirB and nirD), which conventionally reduces NO 2 − to NH 4 + for assimilation under nitrogen-limited conditions (Tyson, Busby and Cole 1997; Tiffert et al. 2008; Malm et al. 2009; Fischer et al. 2012) , is involved in S. coelicolor NO homeostasis by eliminating the accumulated NO 2 − (a precursor of NO) in the culture.
MATERIALS AND METHODS

Bacterial strains, plasmids and culture conditions
The strains used in this study are listed in Table S1 (Supporting Information). Streptomyces coelicolor A3(2) M145 strain (wildtype) was obtained from the John Innes Centre, UK. Mannitol soya flour agar (2% mannitol, 2% soya flour, 2% agar) was used for sporulation, and the strains were routinely grown on YEMEgln (glutamine) solid medium [0.3% yeast extract, 0.5% Bactopeptone, 0.3% malt extract, 1% glucose, 50 mM L-glutamine (pH 7.
2)] at 30 • C. Escherichia coli DH5a (Takara, Kyoto, Japan) was used as the host for routine cloning. The media, culture conditions and DNA manipulations for Streptomyces and E. coli were performed as described by Kieser et al. (2000) and Green and Sambrook (2012) , respectively. The media and culture conditions for the strains used for gene disruption followed the REDIRECT PCR-targeting method (Gust et al. 2003) . Escherichia coli HST04 dam-/dcm-(Takara) was used as the non-methylating cosmid and plasmid donor strain. The plasmids, cosmids (kindly provided by the John Innes Centre, UK and H. Takano at Nihon University) and primers used in this study are listed in Table S2 (Supporting Information).
Construction of mutants and complementation
The open reading frames in the chromosomes were replaced with drug resistance cassettes by REDIRECT PCR targeting (Gust et al. 2003) . Each drug resistance cassette flanked by Flippase recognition target sites was amplified by PCR using PrimeSTAR GXL DNA polymerase (Takara), and each primer set is listed in Table S2 . To obtain a target gene-disrupted version of the mutant cosmids by the λRed system, the amplified cassettes were introduced into E. coli BW25113/pIJ790 (Gust et al. 2003) harboring an appropriate cosmid (Table S2 ). The resulting construct was confirmed by PCR and was introduced into E. coli HST04 dam-/dcm-(Takara) to obtain a non-methylating cosmid, and each mutated cosmid was introduced into S. coelicolor A3(2) M145 or its derivatives by protoplast transformation. Drug-resistant recombinants (Table S1) were screened, and successful recombination was confirmed by PCR using appropriate primer sets and a complementation study. The integration plasmid, pKU460-nir, used for the genetic complementation of knockout mutants, was prepared in the following manner. The nir coding region, nirBD-SCO2486 (SCO2486-2488), containing a 176-bp upstream region, was amplified by PCR using the primer sets listed in Table S3 (Supporting Information). The nirBD-SCO2486 fragment was then cloned into the EcoRI/HinDIII site of pKU460 (Komatsu et al. 2010) , and the resulting plasmid was introduced into the nir genes disruptant.
NO 2
− determination NO 2 − was determined by the Griess reagent assay (Griess 1879) .
NO 2 − was first extracted from the medium for determination.
Cells were grown for the indicated periods on a YEME-gln agar plate. After cultivation, five blocks of 1 × 1 cm were cut from different positions on the plate, and the blocks were pooled and homogenized in 5 ml distilled water. After centrifugation, the supernatant was filtered through a 0.45-μm cellulose acetate filter, and subjected to NO 2 − determination. The determination was based on a standard curve generated using medium containing 0, 1, 10, 25, 50 and 100 μM NO 2 − .
Isolation of total RNA and qPCR
Total RNA was isolated using an RNeasy Kit (Qiagen, Hilden, Germany) from the strains grown on solid medium under several culture conditions, according to the manufacturer's instructions. The conditions for each culture are mentioned in the figure legends. cDNA was generated using a PrimeScript R RT reagent Kit with gDNA Eraser (Takara) and served as the template for qPCR. The primers used for qRT-PCR are indicated in Table S3. qPCR was performed in a Thermal Cycler Dice Real Time System (Takara). The PCR mixture (total 25 μl) contained 0.1 μg of generated cDNA, 10 pmol of an appropriate primer set (Table  S3) , and SYBR R Premix Ex Taq TM II (Takara). PCR was performed by the first incubation at 95
• C for 10 min, followed by 40 cycles of incubations at 95
• C for 15 s and at 60
• C for 60 s. Means and standard deviations of target gene expression ratios were determined from three biological replicates. The hrdB gene of S. coelicolor was used as an internal control l to normalize each sample (Aigle et al. 2000) .
Determination of RED
Undecylprodigiosin (RED) was determined as described previously (Kieser et al. 2000) with some modifications. Spores were inoculated onto a YEME-gln plate at 1 cm intervals (a total of 45 spots) with a toothpick. After culturing at 30
• C for the indicated time, several colonies at the center of the plate were collected with a toothpick (wet weight, 20-50 mg), and were submitted for the determination of RED production. To remove the blue-pigmented antibiotic, actinorhodin (ACT) from the cells, 1 M KOH was added, after incubation at 25
• C for 1 h, the cells were centrifuged at 8000 × g for 10 min and the supernatant containing ACT was discarded. For RED determination, the cells were washed twice with 0.9% NaCl after ACT extraction. The resulting pellet was extracted with methanol (pH 2.0, adjusted with HCl) overnight at 25 • C, followed by centrifugation at 8000 × g for 5 min, and absorbance at 530 nm was measured. A molecular extinction coefficient of e 530 = 100,500 M −1 cm −1 was used for RED determination.
RESULTS
NirBD removes nitrite from the culture
Previously, we found that hmpA mutants accumulate excessive intracellular NO damage to cells, leading to arrested production of NO 2 − via DevSR TCS, and that the NO 2 − accumulated in the hmpA mutant culture had disappeared from the culture medium after 48 h (Fig. 1A ) (Sasaki et al. 2016) . Since the NO 2 − -related genes including nirB (SCO2487), nirD (SCO2488), which encode NirBD, and SCO2486 were found in the Streptomyces coelicolor genome (Bentley et al. 2002; Fischer et al. 2012 ), we deleted these three genes in the hmpA mutant ( nir/hmpA), resulting in continued NO 2 − accumulation in the culture medium of the mutant after 48 h of cultivation (Fig. 1A) . We further determined the NO 2 − accumulation in the culture medium of the parent strain M145 and the nir genes deletion mutant ( nir), and observed that the amount of NO 2 − in the nir strain culture was greater than that of M145 (Fig. 1B) . Complementation with the three nir genes ( nir:: nir) restored the phenotype of the nir strain (Fig. 1B) . These results demonstrate that NO 2 − removal is performed by NirBD, and suggest that NO 2 − is reduced to NH 4 + .
NirBD controls cellular NO concentrations
Previous studies have shown that hmpA, which encodes NO dioxygenase Fhb, is negatively regulated by the NO-dependent transcriptional factor, NsrR, in S. coelicolor (Tucker et al. 2008 (Tucker et al. , 2010 Sasaki et al. 2016) . Thus, the transcription levels of hmpA reflect the cellular NO levels. Since extracellular NO 2 − directly affects the intracellular NO levels, we investigated the transcription levels of hmpA to verify the cellular NO levels in each strain. Although little difference was found between M145 and the nir strain until 96 h of culture, hmpA expression in the nir strain cultured for 144 h was remarkably higher than that of M145, and was complemented by introduction of nir genes ( Fig. 2A) . This suggests that the nir strain had lost its ability to maintain normal intracellular NO levels. Moreover, since disordered cellular NO homeostasis influenced the production of the red-pigmented antibiotic, undecylprodigiosin (Red), we investigated the RED production activity, and observed that Red production was also increased at 144 h of culture in the nir strain compared to the parent strain M145 (Fig. 2B) . These results indicated that NirBD controls cellular NO homeostasis by eliminating the NO 2 − accumulated in the culture medium.
nirD gene is expressed constitutively under NO 2
− producing conditions
It is known that the Nir encoding genes nirB and nirD in S. coelicolor are regulated under nitrogen-limited conditions by a global transcriptional factor GlnR, which is encoded by glnR (Tiffert et al. 2008) . Thus, we deleted glnR in the hmpA strain ( glnR/hmpA), and verified the NO 2 − removal activity in the culture medium.
Unexpectedly, the glnR/hmpA strain could remove NO 2 − from the culture unlike the nir/hmpA strain (Fig. 3A) . Moreover, we investigated the transcription level of nirD in the glnR/hmpA strain, and observed that the nirD expression level was the same as that in M145 during culture (Fig. 3B) . These results suggested that transcription of nir genes under NO 2 − producing conditions is not under the control of GlnR. We compared the nirD expression between the parent strain and the narG/G2/G3 and hmpA mutants in which each endogenous nitrogen oxide (NO 3 − , NO 2 − and NO) is produced at a different level (Sasaki et al. 2016) . No significant difference in nirD expression levels was observed among the three stains during culture (Fig. 4A ). In addition, exogenous NO had little influence on the transcription levels of nirD (Fig. 4B) . These results suggest that NO 2 − removal by NirBD is independent of endogenously produced nitrogen oxides and that the NirBD encoding genes are expressed constitutively under NO 2 − producing conditions in S. coelicolor. Fig. 1A . Several colonies at the center of the plate were collected with a toothpick, (A) total RNA was extracted and expression of hmpA gene was determined by qPCR. The expression level of each transcript is displayed relative to the expression level in the M145 cultured for 96 h, which was assigned a value of 1; (B) RED production by M145 and its derivatives, calculated in nmol RED/g wet weight cells. White bar, RED production by M145; black bar, by nir strain; grey bar, by nir::nir strain. Error bars indicate standard deviation (n = 3).
DISCUSSION
NO signaling and its regulatory systems are primary subjects to be understood in most organisms. While increasing evidence has revealed the NO production pathways and their homeostatic regulation systems in mammals (Förstermann and Sessa 2012) , plants (Yamasaki and Sakihama 2000; Gupta et al. 2011; Thalineau et al. 2016) and some bacteria (Gilberthorpe and Poole 2008) , they have remained unclear in Streptomyces coelicolor. Recent studies show that NO 2 − , which was long considered a biologically inert metabolite of NO, is a physiological storage pool of NO that can be converted to biologically active NO (Jensen 2009) . In this paper, our findings demonstrated a novel role of NirBD in S. coelicolor, which acts an integral component of the NO homeostatic regulation system that eliminates NO 2 − from the culture. We have previously shown that the NO homeostatic regulation system functions via the NsrR and DevS/R TCS systems in S. coelicolor (Sasaki et al. 2016) . While these systems allow the metabolic homeostasis of NO utilization pathways and prevent cell damage, both cannot complete NO signaling, since the two systems cannot remove the accumulated NO 2 − from the culture, which acts as the NO precursor. The role of the third homeostatic system involving NirBD differs from other two. Only this system can provide an exit to the three nitrogen oxides in the cycle (NO 3 − , NO 2 − and NO) in S. coelicolor. Whereas the NO-dependent hmpA gene expression was decreased in the parent strain M145 at the later stage of culture (at 144 h), hmpA expression in the nir strain kept on increasing ( Fig. 2A) , suggesting that the NO signaling pathway in the nir strain was incomplete. In fact, significant influence was observed in the nir strain at the later stage of culture where the RED production activity was increased much more than the wild-type strain, M145 (Fig. 2B) . Thus, the NO 2 − removal system would be important not only to regulate NO homeostasis but also to complete NO signaling in S. coelicolor. Despite a defect in the global transcriptional factor GlnR, the mutant showed nirD expression and consumed the accumulated NO 2 − from the culture medium (Fig. 3) . Moreover, we used nitrogen-rich conditions (medium containing 50 mM glutamine) in this study, under which assimilatory NO 2 − reduction to NH 4 + was not induced in S. coelicolor. These data strongly indicated that NirBD functions in NO homeostasis, but not in the assimilatory reduction of NO 2 − under NO 2 − producing conditions.
Although we could not clearly demonstrate the regulatory mechanism for nir gene expression under these conditions, our result suggested that GlnR-independent regulation of nir expression is present in S. coelicolor, and its mechanism remains to be elucidated. expression of nirD in M145 and its derivatives was determined. Total RNA was prepared from cells cultured for the indicated period as in Fig. 2A . White bar, nirD expression in M145; black bar, in hmpA strain; gray bar, in narG/G2/G3 strain. The expression level of each transcript is displayed relative to the expression level in the M145 cultured for 72 h, which was assigned a value of 1. Error bars indicate standard deviation (n = 3). (B) M145 cells were grown on cellophane-covered YEME-gln medium for 48 h as in Fig. 1A . Cells on the cellophane membrane were transferred to a fresh plate containing the indicated concentration of NOC5 and were further incubated for 25 min, total RNA was extracted and nirD expression was determined by qPCR. The expression level of each transcript is displayed relative to the expression level in M145 cells grown on YEME-gln medium (white bar), which was assigned a value of 1. Error bars indicate standard deviation (n = 3).
A finding of a role for NirBD in NO homeostatic regulation allows a better understanding of regulating the synthesis of biologically active agents in the producer. In fact, the production of the antibiotic, RED, increases upon the deletion of nir genes (Fig. 2B) . The regulation of NO homeostasis in accordance with various systems continues to be an important subject for further investigation in all organisms to provide a new perspective on NO biology.
